In previous studies [1] [2] [3] [4] [5] [6] , investigations have been made of features of the structure formation of green and crosslinked blends of cis-1,4-polyisoprene (PI) of grade SKI-3 with ethylene-propylene-diene elastomers (SKEPT) of grades Keltan (DSM, Germany) and Royalen (Uniroyal, USA) and the properties of their covulcanisates. The SKEPT elastomers of the indicated companies differ in comonomer composition, in degree of isotacticity of the propylene units α [5, 6] , and in chain microstructure (Tables 1 and 2). The difference in phase structure, in morphology of the green mixes, in physicomechanical properties [1] [2] [3] [4] , and in ozone resistance of the covulcanisates [5, 6] as a function of the comonomer composition of the SKEPT was established.
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In previous studies [1] [2] [3] [4] [5] [6] , investigations have been made of features of the structure formation of green and crosslinked blends of cis-1,4-polyisoprene (PI) of grade SKI-3 with ethylene-propylene-diene elastomers (SKEPT) of grades Keltan (DSM, Germany) and Royalen (Uniroyal, USA) and the properties of their covulcanisates. The SKEPT elastomers of the indicated companies differ in comonomer composition, in degree of isotacticity of the propylene units α [5, 6] , and in chain microstructure ( Tables 1 and 2 ). The difference in phase structure, in morphology of the green mixes, in physicomechanical properties [1] [2] [3] [4] , and in ozone resistance of the covulcanisates [5, 6] as a function of the comonomer composition of the SKEPT was established.
Earlier, in investigations of the ozone-protective action of SKEPT in covulcanisates with butadiene-acrylonitrile rubbers (BNK) of different polarity [7] [8] [9] , the structural mechanism of retardation of the ozone degradation of the diene elastomer was established. The dependence of the degradation rate on the phase structure of the blend, the intensity of interphase interaction, the number of crosslinks between the components [8, 9] , and the degree of crosslinking of the ozone-resistant phase [8] was shown. The influence on the formation of the interphase layer of the content of polar units of the BNK, the comonomer composition of the SKEPT, the diene content, the stereoregularity of the propylene sequences, and the isomerism of the butadiene units was established [7] [8] [9] [10] [11] .
With a low degree of isotacticity of the propylene microblocks a with SKEPT, only the butadiene units of the BNK combine. At high a, the volume of the interphase layer (the depth of interpenetration of sections of the component chains) increases. This is due to the high activation energy of the conformational transitions in isotactic sections of the chains [12] , on account of which regions of the BNK that contain, it seems, single acrylonitrile units become accessible to them.
Comparison of the results of Livanova et al. [5, 6] indicates that the rate of ozone degradation of covulcanisates of cis-1,4-polyisoprene with SKEPT also depends on the stereoregularity of the propylene microblocks.
In this work an investigation was also made of the influence on the combination of components, on interphase interaction, and on the ozone resistance of the covulcanisates of the chain microstructure of the SKEPT.
The investigation was conducted on covulcanisates of cis-1,4-polyisoprene (PI) of grade SKI-3 with SKEPT of grades Keltan (DSM, Germany) and Royalen (Uniroyal, USA) [5, 6] . The content of ethylene and propylene units, the content of the diene comonomer ethylidenenorbornene (ENB), the degree of isotacticity of the propylene units a, the molecular weight characteristics, and the Mooney viscosity are given in Table 1 . The chain microstructure, including the content of inverse additions (n = 2), alternating units (n = 3), ethylene microblocks of more than 5 units length (n ≥ 5), and isotactic propylene microblocks with a length of over 4 (m ≥ 4) and less than 10 (m ≤ 10), was determined by IR spectroscopy [13] [14] [15] ( Table 2 ). The amount of butene-1 and polybutene-1 in solution in CCl 4 and with gel was given in earlier work by Livanova [10] .
For crosslinking, use was made of a sulphursulphenamide system, which was introduced separately into each of the rubbers. Mixing of the polymer components was carried out on a mill at 45-60°C. Vulcanisation was conducted at 150°C for 20 min in an electric press at a pressure of 19.6 MPa.
The ozone resistance was investigated by stress relaxation in an ozone-air medium on an IKhF-2 relaxometer at an ozone concentration of 10 -5 mol/L and different strains at 30°C. The calculated relaxation rate V r of vulcanisates of SKI-3 and its covulcanisates with SKEPT reflects the rate of ozone degradation of the diene chains. With a similar comonomer composition, the increased stereoregularity of the propylene units in SKEPT makes it difficult to combine the rubbers and leads to a reduction in ozone resistance (especially when their content is high, in spite of the lower Mooney viscosity) if the content of the copolymer is up to 30 parts, and to an increase in ozone resistance if the amount of SKEPT is higher. The degradation rate of the polydiene in blends of SKI-3 with SKEPT of 80:20 composition falls as the degree of isotacticity of the polyethylene units decreases (Table 1) in the order SKEPT R 512, 778, and 378 and SKEPT R 521, 312, and 712 (see Figures 1a and b) .
The mechanism of retardation of the degradation of extended polydiene consists in stress transfer at the apex of the growing microcrack to the ozone-resistant component via the interphase layers [7] [8] [9] . The more developed the interphase layer, and the greater the number of crosslinks between the rubbers, the stronger it is and the less likely it is that phase microseparation will occur during deformation [7] [8] [9] . In the absence of a SKEPT network, the effectiveness of protection increases with increase in the degree of dispersion of the particles and with increase in the number of particles per unit volume of the crosslinked blend. With the formation of a continuous network of SKEPT (interpenetrating polymer networks), the degradation rate is minimal.
The morphology of the blends depends on the capacity of the elastomers to combine.
In previous studies by Pechenova et al. [2, 3] , morphological analyses were made of green mixes with SKEPT manufactured by DSM. With a content of SKEPT 712 of 20 parts, it is in the form of isolated particles. With a content of 30 parts, the formation of fragments of a continuous structure is found. In a blend of 70:30 composition with SKEPT R 521, with high stereoregularity of the propylene units, judging by the shape of the "V r -SKEPT content" dependence (Figure 1b) , these are extremely unlikely to emerge.
In green and crosslinked mixes [2, 3] of this composition there are fewer SKEPT 778 particles than SKEPT 712 particles, in spite of the fact that, after plasticisation of SKEPT 712, the viscosity-average molecular weight M η is half that of SKEPT 778 [3] . This can be attributed to the better interphase interaction of cis-1,4-polyisoprene with SKEPT with a high content of ethylene units and a large number of interphase crosslinks.
With a separation rate of plied-up specimens of 500 mm/min, two groups can be singled out [1] [2] [3] [4] Covulcanisates of SKI-3 with SKEPT manufactured by DSM have a lower nominal tensile strength f t and a lower elongation at break e b than the polyisoprene vulcanisate (composition 70:30). Royalen-grade SKEPT lowers the strength properties to values comparative with those of Keltan-grade SKEPT, with the exception of R 512, which slightly increases the strength of the composite owing to the higher degree of phase crosslinking (Table 3) [2, 4, 5].
In Kuleznev [16] and Avgeropulos et al. [17] is low, the polymers mix well. The smallest size of microheterogeneities are possessed by blends obtained from polymers with similar plasticity. Thus, in the process of mix preparation on a mill at 40-60°C and vulcanisation, for the SKEPT group with a high content of ethylene units the combination should be better and the degree of dispersion of the particles should be higher.
In the presence of a greater number of ethylene units and ordered structures formed by them, there is a reduction in the maximum high-elastic (rubbery) strain and in the temperature of the maximum, and a reduction in the temperature of development of plastic strain [1-4, 18, 19] . After plasticisation, these indices decrease [2, 3] .
With a low effectiveness of retardation of ozone degradation of SKEPT R 512 in blends of 80:20 composition, this copolymer, with a content of 40 parts, forming a continuous network, protects SKI-3 against breakdown in ozone considerably better. The relaxation rate of the covulcanisate with this SKEPT is 10 times lower than that of the covulcanisate with SKEPT 378 or 778. This is due to the thermal coalescence of SKEPT particles of the DSM company with increase in its content in the blend, whereas particles of Royalen-grade particles do not coalesce. In the latter there are two types of supermolecular structure formed by ethylene and propylene sequences in isotactic configuration [18, 19] . According to TMA data, the maximum plastic strain in these SKEPTs is observed at a temperature of 170°C, at which the decomposition of the coarsest structures formed by propylene units occurs, coinciding with the melting temperature of isotactic polypropylene. Consequently, at the vulcanisation temperature (150°C), complete decomposition of the supermolecular structures does not occur, which prevents transition of the particles into the amorphous state.
Keltan-grade SKEPT with a low degree of isotacticity of the propylene microblocks has no significant microcrystalline domains formed by them. Heterotactic structures break down at 75°C. On account of this, at the vulcanisation temperature, these copolymers are in the amorphous state.
The coalescence of particles of these SKEPTs (with the exception of SKEPT 312) in blends of 60:40 composition ( Figure 1 ) and the thinning of their network, i.e. increase in the distance between the closest elements of the network, which results in an increase in the rate of ozone crack formation [7] [8] [9] , is confirmed by data of morphological analysis of green and crosslinked blends [2, 3] . In crosslinked blends of 70:30 composition with SKEPT 778, the specific interphase surface F decreases 1.7-fold by comparison with a green mix, and with SKEPT 712 it decreases 1.3-fold.
Data on the swelling of crosslinked blends (Table 4) confirm the coalescence of Keltan-grade SKEPT particles, in contrast to Royalen SKEPT particles. The quantity 1/Q (Q is the equilibrium swelling), characterising the number of chemical crosslinks and physical crosslinked points, decreases with increase in the SKEPT content in blends with Royalen SKEPT, whereas in blends with Keltan SKEPT, passing through a minimum at 30 parts, it increases sharply with a SKEPT content of 40 parts. As the intensity of interphase interaction is not dependent on the particle size, increase in 1/Q is a consequence of an increase in particle size, as the degree of crosslinking of the elastomers in the interphase layer is lower than the degree of crosslinking of the phases.
The combination of the elastomers is influenced not only by the compatibility of the components (the composition of the SKEPT, the chain microstructure, and the stereoregularity of the propylene units) and the highelastic (rubbery) and plastic properties of the copolymers but also by the reduction in molecular weight during mill mixing (plasticisation).
Pechenova [3] gives data on the effect of plasticisation on the viscosity-average molecular weight M η of low-and high-viscosity SKEPT of Keltan grade. The M η value of 
by a factor of 4.05, and SKEPT 714 by a factor of 3.7), whereas M η of copolymers with a high content of ethylene units (SKEPT 378, 778, and 4778) changes little -by a factor of 1.05.
The reduction in M η (which is greater the higher the content of propylene units) is a consequence of intense mechanical degradation of copolymers with high elasticity and temperature of transition to plastic flow during mix preparation, which promotes its easier combination with polyisoprene.
The considerable reduction in M η of copolymers of this group during mixing, and also the low degree of ordering of the structure, may explain the very low nominal tensile strength and elongation at break of vulcanisates of SKEPT 712 (f t = 3.5 MPa and e b = 350%) with a large number of alternating units and a small number of sequences of ethylene units with a length of over 5 and propylene units in isotactic configuration ( Table 2 ). The presence of fluctuation structures of ethylene units, giving additional strength, results in higher strength properties of SKEPT 778 (f t = 7.8 MPa and e b = 500%) [2, 4] .
Under 30% strain, among the rubbers with a high content of propylene units ( Figure 1b) and a high effectiveness similar to that of SKEPT R 512, SKEPT 312 stands out.
Intense mechanodegradation and high dispersion of the SKEPT 312 particles in the blend seems partly to explain the increased effectiveness of protection by SKEPT 312 at low strains ( Figure 1) . The formation of a continuous network of SKEPT 312 occurs at a content of over 30 parts. Here, the minimum relaxation rate is achieved. Confirmation of the formation of a network of SKEPT 312 is the fourfold increase in 1/Q in a blend of 60:40 composition by comparison with a blend of 70:30 composition ( Table 4) . Increase in the values of 1/Q occurs as a result of a sharp reduction in the area of interphase contact with a low crosslink density during the formation of a continuous structure. A similar change in 1/Q is also observed for the remaining SKEPTs of the DSM company, but on a smaller scale. The presence of isolated particles of copolymers with a content of 30 parts does not prevent significant final orientation of the polyisoprene matrix with a deformation of the crosslinked network of 130% ( Table 4 ). The increase in 1/Q under tension is connected with the orientation crystallisation of cis-1,4-units of PI. This is possible in the case of weak interphase interaction and crosslinking and microseparation of phases, on account of which the orientation rearrangement of the structure of polyisoprene is made easier. In the remaining deformed specimens, 1/Q either does not change or disorientation of the matrix (reduction in 1/Q by comparison with undeformed specimens) occurs to a negligible degree. This is confirmed by the deformation dependences of V r for a blend of 60:40 composition (Figure 2 ).
For blends with a high content of ethylene units there is a gradual reduction in the degradation rate with increasing elongation according to relationships similar to that given for SKEPT 378 (Figure 2) . The exceptions are SKEPT 312, with an intense maximum V r at a strain of 70%, and SKEPT R 580 HT, the protective action of which decreases sharply with increasing tensile strain. Owing to the low content of diene in the latter, with a high content of propylene units and weak interphase interaction, the crosslinking of the elastomers is inadequate.
Thus, SKEPT 312, in contrast to SKEPT R 512, forms a less strong interphase layer. Exhibiting great similarity in retardation of the degradation of the diene matrix at a minimum elongation of 30%, SKEPT 312 with a high content of propylene units with a low degree of isotacticity proves to be less effective with increase in strain of the specimen. This is due to features of the microstructure of its chains.
After plasticisation, the structure of SKEPT 312 is the least ordered among all the SKEPTs of this company [3, 4] . According to data on the rheokinetic parameters of crosslinking of rubber mixes based on SKEPT 312, the longest induction period of vulcanisation t s , the optimum vulcanisation time t 90 , and the lowest value of the maximum torque M L are observed. Consequently, there is a low M η and a disordered structure in SKEPT 312.
According to ESR spectroscopy data [18, 20] , SKEPT R 512 and SKEPT 312 contain microblocks of mixed composition -of ethylene and propylene units. The difference lies in the fact that in SKEPT 312 they are smaller and their decomposition already begins at room temperature, whereas in SKEPT R 512 it begins at 50°C, and before this the activation energy corresponds to viscous flow of polyethylene [18] . This signifies the presence of ordered regions of ethylene units already beginning to break down at room temperature [21] . Thus, the effectiveness of SKEPT R 512 is connected with the presence of ethylene microblocks of fairly large length. As shown above, the sequences have good compatibility with the PI units. In SKEPT 312, these were not found by ESR spectroscopy [20] .
In most SKEPTs of the DSM company, physical crosslinked points of ethylene units were found by the paramagnetic probe method [20] . These are not only the copolymers with a high content of ethylene units (SKEPT 378, 778) but also SKEPT 714 and 712. In SKEPT 4778 and 314, the activation energy of viscous flow of branched PE was determined [20, 21] .
When SKEPT with a high content of propylene units was used, a reduction in the degradation rate of PI was found with increase in the number of alternating units (SKEPT 712, composition 80:20) (Figure 1b) . However, in none of them, apart from SKEPT 312, are there any fluctuation structures of alternating comonomer units, i.e. the size of the sequences of alternating units is small.
In the case of the alternation of ethylene and propylene units, a sequence of three methylene groups and a single -CH(CH 3 ) group is formed, which correspond to the structure of two polyisoprene units. The geometric similarity promotes easier combination [22] . However, as follows from Figure 2 , the presence of side methylene groups in both elastomers makes mutual solubility of chain segments difficult and lowers the strength of the interphase layer.
Thus, high stereoregularity of the propylene units has an adverse effect on the combination of SKEPT with PI, especially when their content is high. However, with a large number of ethylene units in blends with a SKEPT content of over 30 parts, the presence of ordered structures of propylene sequences in isotactic configuration prevents the coalescence of SKEPT particles, on account of which there is an increase in ozone resistance of covulcanisates by comparison with blends with SKEPT with low isotacticity of the propylene microblocks. Better combination is observed at a high content of ethylene units.
The presence of alternating ethylene and propylene units of fairly large length facilitates the combination of the components, but the interphase layer formed in this case is noted for low strength.
